C 60 was shown to react with organosilanes Me 4 Si, Ph 2 SiH 2 , Ph 2 MeSiH, Ph 4 Si, and -naphthylphenylmethylsilane in the electron ionization ion source of a mass spectrometer with the transfer of the corresponding organic radicals (Me, Ph, and -naphthyl) from the silanes to the fullerene. The reactions were accompanied by hydrogen addition to some products and hydrogen loss from them. C 70 reacted with Me 4 Si analogously. A reaction mechanism involving homolytic dissociation of the silanes under electron impact to the corresponding organic radicals, which react further with C 60 at the surface of the ionization chamber of the mass spectrometer to give the respective adducts, was offered. A mechanistic study of the reaction of C 60 with Me 4 Si supported it. No silicon containing derivatives of the fullerenes were found. C 60 reacted with Ph 4 Si in solution under UV irradiation in a similar fashion furnishing phenyl derivatives of the fullerene. These results provide an additional support to the hypothesis formulated earlier that the homolytic reactive mass spectrometry of fullerenes (the reactions of fullerenes with other species in the ionization chambers of mass spectrometers and their mass spectral monitoring) can predict the reactivity of them toward the same reagents in solution to a significant extent.
Introduction
Reactions occurring in the ionization chambers (ICs) of mass spectrometers may provide valuable information as to what reactions can be implemented successfully in solution or in the gas phase and solid state/phase. The most striking example of this is the discovery of fullerenes. They were first found as formed in the Smalley source of a mass spectrometer, and the 5-year target investigations resulted in the synthesis and isolation of C 60 with an admixture of C 70 in bulk amounts by a German-American group of scientists and pure C 60 and C 70 by a British group [1] [2] [3] . The mass spectrometers are designed for work with ions and thus, the most studied reactions performed in their ICs or by isolation of a certain ion and colliding it with a molecule in a special chamber are ion/molecule reactions [4] [5] [6] [7] [8] [9] . However, the ICs of mass spectrometers are chemical reactors where other types of the reactions can occur. It primarily relates to homolytic reactions since free radicals are known as often forming in the ICs in relatively large amounts. They are generated, for example, owing to fragmentations of molecular ions or in the chemical ionization (CI) plasmas. Moreover, this type of the ionization chamber (IC) reactions is of a particular interest since such reactions are less dependent on solvent than the ionic processes and can be transferred to solution more easily. Certainly, homolytic bimolecular reactions occurring in ICs including those with fullerenes as reagents have been reported [10] [11] [12] [13] [14] [15] [16] [17] [18] . However, the amount of such examples is considerably less than of the examples of ion/molecule reactions. We also took part in these investigations of homolytic reactions and published a number of papers on such reactions of C 60 and C 70 with representatives of several classes of organic and organoelement compounds (perfluoroorganics, organo-and organoelement mercurials, ketones, aldehydes, and aromatics) occurring in the IC of a mass spectrometer under electron impact (EI) (here and throughout the text where appropriate, the term electron impact is used instead of conventional electron ionization since the reactions described involve homolytic dissociation of organosilanes initiated by the electron beam and the latter term is unsuitable). With that, our purpose was not to investigate these reactions in the IC as the end in themselves but to demonstrate that they can predict the reactivity of the fullerenes toward these reagents in solution or the solid phase/state. Actually, it was done by implementing the reactions of C 60 with compounds of each abovementioned class under UV irradiation or thermally [19] [20] [21] [22] [23] [24] [25] [26] . The present study continues investigations in this field. Organosilanes were chosen as reagents, and the choice was motivated by the following: + in the latter case [28] . All this suggested experiments that would demonstrate whether the reactions of C 60 and C 70 with organosilanes including tetramethylsilane can proceed in an IC under conditions favoring homolytic processes to occur which we applied in our abovementioned earlier studies [19, 24] . If so, what products will be formed and can organosilyl radicals add to fullerenes under these conditions? (2) The hypothesis that the results of homolytic reactions of C 60 with other compounds occurring in the ICs of mass spectrometers can predict its reactivity toward the same compounds in solution was supported by the examples of a number of the compounds belonging to different classes (see above). However, to show the generality of the statement, species of other classes should be examined and organosilanes as widely spread organoelement compounds seemed to be suitable for this purpose. Three procedures were employed for implementing the reactions in the IC: A, B, and C. The A and B ones were described in [19] . Generally, a substrate (C 60 or C 70 ) was applied onto the tip of a quartz needle from a benzene solution (one or two drops of the solution were applied), while a silane was introduced via a GLC chromatograph connected to the mass spectrometer (method A); a silane was placed into a capillary tube, while a fullerene was applied onto the outer surface of the tube near the open end and a probe with the tube inserted into the mass spectrometer (method B). With procedure C used, a fullerene was applied onto the tip of a quartz needle, a blank space left on the needle, and then a silane applied onto it. The end of the needle was inserted into the mass spectrometer. When fullerene ion peaks appeared in the mass spectra and their intensities became more or less constant, the needle was moved deeper into the IC to provide a flow of the silane vapor.
Experimental
Photochemical Reaction of C 60 with Tetraphenylsilane (4) . C 60 (6.2 mg, 0.0086 mmol) was placed into a flask equipped with a magnetic stirrer. The flask was connected to a vacuum/argon system, and the air was replaced by argon. Decalin (1.5 mL) was added, and the suspension was agitated for 2 h. Silane 4 (38 mg, 0.11 mmol) was then added, and the agitation was prolonged for 0.5 h. The magenta solution (0.4 mL) was transferred by a capillary to a Pyrex ampoule (a J. Young NMR tube), degassed by a 10-fold freeze-thaw procedure, and irradiated in the cavity of a Bruker EMX-10/12 X-band (] = 9.3 GHz) digital electronic paramagnetic resonance (EPR) spectrometer by the light of a high pressure mercury lamp (1 kW; ARC lamp power supply, model 69920) for 0.5 h. The spectrometer was equipped with a Bruker N 2 -temperature controller, and the temperature of 283 K was maintained in the course of the experiment. The light of the lamp was focused onto the ampoule with a quartz lens and filtered through distilled water to remove the infrared component. The EPR spectra were recorded prior to irradiation and after 0.5 h irradiation at microwave power 0.5 mW, 100 kHz magnetic field modulation of 0.5 G amplitude, sweep time 83.89 s, conversion time 40.96 msec, time constant 81.92 msec, and receiver gain 4.48 × 10
3 . The digital field resolution was 2048 
points per spectrum. The spectra processing was performed with the Bruker WIN-EPR. Samples (0.2 mL) of the reaction mixture taken both before and after irradiation were diluted under argon by 1 mL of THF that was preliminary bubbled through by argon for 2 min. They were subjected to atmospheric pressure chemical ionization mass spectrometry (APCI-MS) with Waters Micromass LCT Premier time-of-flight (TOF) mass spectrometer equipped with a Waters Acquity UPLC chromatograph (Milford, MA USA). The samples were syringed into the flow of a mixture of acetonitrile/H 2 O (70/30) (0.3 mL/min) after the chromatograph. Nitrogen was used as both nebulizing (300 L/h) and cone gases (55 L/h). The temperatures were of 150 and 300 ∘ C for the ion source and the probe, respectively. The corona discharge of 20 mW power was employed.
Results and Discussion

Reactions in the IC of a Mass
Spectrometer. All organosilanes examined, 1-5, reacted with C 60 in the IC of a mass spectrometer under EI with the transfer of the corresponding organic radicals from them to the fullerene. The reactions were accompanied by hydrogen addition and loss (Figures 1(a)-1(e) and Table 1 ) (at present, a number of other silanes and oligosilanes have been examined in the reactions in the IC of a mass spectrometer with C 60 and C 70 including Et 3 SiH. The transfer of both methyl and ethyl radicals to the fullerenes was observed for this silane. The results of the investigations will be reported in subsequent publications). Table 2 gives the monoisotopic ( 12 C, 1 H) spectrum for the reaction of tetramethylsilane (1) with C 60 . It was obtained by summarizing peaks of 52 magnetic scans, iterative use of the program SCIPE, and averaging the results over 3 runs [29] . Data listed in Table 2 (Figure 1(f) and Table 1 ).
A question that requires attention is whether fragmentation processes could strongly influence the mass spectral pictures observed. Certainly, fragment ions, including rearrangement those, of the higher mass products contributed to the molecular ions of lower mass products. However, the electron ionization mass spectra of C 60 Me 6 , C 60 Ph 2 , C 60 Ph 4 , C 70 Me 2 , C 70 Me 4 , and C 70 Me 8 showed the fragment ions (excluding C 60 +• and C 70 +• ) to be noticeably less intensive than the molecular ones [30] [31] [32] . Moreover, a mixture of ethyl adducts of C 60 was prepared from the reaction of C 60 with diethyl ketone in decalin solution under UV irradiation [24] . Based on mass spectra obtained there for the mixture, after procedures of peak-summarizing over scans, we calculated the monoisotopic spectra. +• obtained from the corresponding products under electron ionization did not virtually fragment with the elimination of dihydrogen [31, 32] . As mentioned in [24] , a mixture of n-butyl derivatives of C 60 was earlier obtained by the reaction of C 60 with n BuLi followed by quenching the reaction mixture with aqueous CF 3 COOH. The electron ionization spectrum of it also showed only insignificant fragmentation of [HC 60
n Bu] +• with the loss of H 2 .
Thus, the peaks observed in the mass spectra recorded for the reactions performed in this study mostly are the molecular ions of the products with different numbers of addends to fullerenes. Figure 1 : Electron ionization mass spectra in the high mass range from experiments in the IC of a mass spectrometer with C 60 and (a) tetramethylsilane (1), (b) tetraphenylsilane (4), and (c1 and c2) -naphthylphenylmethylsilane (5): (c1) one-scan mass spectrum and (c2) monoisotopic ( 12 C, 1 H) spectrum derived from the spectrum obtained by peak-summarizing over 101 magnetic scans (the background peaks have been deleted), (d) diphenylmethylsilane (3), (e) diphenylsilane (2), and (f) with C 70 and silane 1. There is another question that was underlined in the introduction: whether silicon containing derivatives of C 60 and C 70 were formed in the course of the reactions. It was impossible to catch them in the reactions of the fullerenes with the methyl containing organosilanes (1, 3, and 5) by a low-resolution technique since their nominal masses would coincide with those of the products of methyl additions to the fullerene taking into account the hydrogen addition and loss mentioned above. However, no ion peaks that could be attributed assuredly to the silicon containing derivatives of C 60 were found in the mass spectra for the reactions of the fullerene with silanes 2 and 4 bearing phenyl substituents only. A probable explanation of this fact will be given below, while discussing the reaction mechanism.
Mechanistic Studies.
As for the reactions of fullerenes performed by protocol A with all other compounds studied earlier which belonged to other classes [19, [24] [25] [26] , the mass chromatograms show an interesting feature: the [C 60 ] +• or [C 70 ] +• intensity curves drop significantly when the peaks of silanes appear in the mass chromatograms and return to virtually the same level after the bulk of the peaks has passed. At these points the product traces appear (Figure 2 ). This pattern of the curves provided possibility to elucidate some mechanistic questions: (i) Was the EI required for the reactions to occur? (ii) Where did the reactions occur, in the gas phase or at the IC surface? (iii) How did the reagents react, by ion/molecule or homolytic paths?
The experiments were conducted with C 60 and 1 by the methods described in detail in [19, 24] , the main point of which was the comparison of the summarized ion peak intensities of products with those obtained with the filament switched off or the ion-repelling electrode (repeller) potential (RP) set zero during the period when the bulk of the silane 1 peak was passing in the mass chromatograms. The filament was turned on or the RP returned to the standard +30 V when the product peaks appeared (the summarized ion peak intensities of the first six groups of the products (up to the peaks at m/z 805-816) were taken for the calculations). These runs displayed the amount of products obtained via a process involving EI activation to be 89% ± 3% (SD) of their total amount. However, it is hardly possible that the remaining 11% arose because of the thermal reaction. Most 
g: the gas phase s: the IC surface + Scheme 1: Homolytic mechanism supposed for the reaction of C 60 with silane 1 under EI in the ionization chamber (IC) of a mass spectrometer. * In an excited state.
likely, they originated due to "the memory effect" of the IC surface. This was supported by the following: the method was slightly modified and each experiment was preceded with the experiment with the fullerene without 1. The integrated intensity of the peaks which coincided with those of the products in the main experiments was subtracted from the latter peak intensities, respectively. The procedure reduced the above value to ≤1.2%. It indicated that EI was required for the reaction to occur. The treatment of results of this group of the experiments with "the filament switched off" as described in the aforementioned references also showed that 87% ± 3% (97% ± 1%, if the background was subtracted) of the products were evaporated from the IC surface to be registered after electron ionization. The experiments with the RP set to zero demonstrated that the amount of products related to that when the RP was standard +30 V constituted 80%±23% (when the summarized intensities of the background peaks were subtracted, the value turned out to be the same (80%), but the scatter of the experimental data was noticeably greater. It is not surprising, since the obtainment of each experimental value involved two additional experiments in this case. However, the correction for those of the background peaks was not so essential here as in the case of elucidating whether the EI was required for the process to occur. Actually, in the former case, both intensity values compared were of the same order and significantly greater than those of the background peaks, while one of them was rather small in the latter case). This value indicates that cations were not involved in the process since otherwise the amounts of products would be awaited to increase at the zero RP (cf. the results of the ion/molecule reaction of the acetyl cation and acetone where the increase was more than sevenfold [24] ). Since a mechanism via negative ions was hardly possible under applied condition, the most suitable one that would explain all experimental points observed is homolytic depicted in Scheme 1.
The scheme suggests activation of 1 to a superexcited state (the state where electronic excitation energy is higher than the first ionization energy of 1 [33] ). The activated molecules of 1 dissociate liberating methyl radicals. The latter are formed with a great excess of the energy and should be deactivated to react with C 60 . The most profitable way for it under applied conditions is the collision with the IC surface. The deactivated radicals react with C 60 at the surface to give the paramagnetic methyl derivative of the fullerene. This paramagnetic derivative is stabilized by addition of a hydrogen atom or the next radical, or by hydrogen loss. The reaction proceeds further similarly furnishing groups of methyl and methylene derivatives of C 60 . The hydrogen atoms are supplied by organic or organoelement compounds adsorbed at the IC surface and probably by 1 itself also adsorbed at the surface [19, 24] . All products vaporize from the surface, undergo ionization, and are registered as their molecular ions.
The reactions of C 60 with silanes 2-5 and C 70 with 1 are believed to occur in similar homolytic fashions.
The homolytic mechanism of the reactions exemplified by Scheme 1 explains why silicon containing derivatives were not found among the reaction products; possessing great excesses of the energy, the silicon intermediates simply decomposed before reaching the IC surface producing organic radicals.
It also answers the question why the products of the reactions of C 60 with trimethylsilylmethyl ether and hexamethyldisiloxane reported by Chinese chemists were of a different type [28] . The authors performed the reactions under conditions of self-CI at 200 ∘ C. At this temperature, fullerenes and their derivatives do not virtually vaporize from the IC surface, and they registered products of ion/molecule reactions occurring in the gas phase. At the same time, we detected products of radical/molecule reactions occurring at the IC surface.
Reaction in Solution under UV Irradiation.
The aforementioned results suggested runs that would display whether similar homolytic reactions could be implemented in solution. The simplest substitute in solution for electron irradiation employed in the gas phase is UV irradiation by the UV light of the quartz range (350-200 nm). However silane 1 does not absorb the light in this range, and its photolysis was carried out under UV irradiation by light of the vacuum range (200-100 nm) [34, 35] . Thus, it cannot react with fullerenes under quartz range UV irradiation, at least, via a mechanism involving its homolytic dissociation similar to that depicted in Scheme 1. At the same time, silanes with aromatic substituents, for example, tetraphenylsilane (4), absorb light of the quartz range [36, 37] . This suggested choosing silane 4 as a reagent for the reaction with C 60 in solution.
Actually, when a decalin solution of C 60 and silane 4 was irradiated by the light of a high pressure mercury lamp in the cavity of an EPR spectrometer for 0.5 h, a reaction occurred. The reaction was monitored by EPR spectroscopy and APCI-MS; namely, the EPR spectra were recorded and samples for APCI-MS were taken before and after 30 min irradiation. No signal was recorded in the former EPR spectrum, while a signal from superposition of the signals from different radicals with an average -factor of 2.0021, adducts of monoand polyaddition of the phenyl radical to the fullerene, was found in the latter spectrum. Besides, a signal with = 2.00135 was present in the spectrum and assigned to 3 C 60 , C 60 in the lowest triplet state (Figure 3(1) ) [38, 39] . Switching off UV irradiation led to a decrease in intensity of the signal of the fullerene derivatives because of dimerization of the "alkyl type" fullerenyl radicals. As a result, only the more stable fullerenyl radicals of "allyl-or cyclopentadienyl-type" were observed (Figure 3(b) ).
The APCI-MS analysis in the positive mode of the reaction mixture diluted by THF showed the presence of protonated products of the additions of four and five phenyl radicals to C 60 (ions with m/z 1029 and 1106, resp.). Besides, the mass spectrum displayed a peak at m/z 1076 that can be ascribed to the [O 3 C 60 Ph 4 ] +• radical ion formed from products of the quadruple addition of phenyl radicals to C 60 during the APCI-MS analysis (Figure 3(c) ). No products were found in the mass spectrum of the unirradiated reaction mixture.
Thus, the reactions of C 60 with tetraphenylsilane in the IC of a mass spectrometer under EI and in decalin solution under UV irradiation proved to be, as awaited, of a similar type: the addition of phenyl radicals forming due to homolytic dissociation of the silane to the fullerene occurred.
Conclusions
C 60 and organosilanes R 1 R 2 R 3 R 4 Si (1: R 1 -R 4 = Me; 2: R 1 and R 2 = Ph, R 3 and R 4 = H; 3: R 1 and R 2 = Ph, R 3 = Me, and R 4 = H; 4: R 1 -R 4 = Ph; 5: R 1 = -naphthyl, R 2 = Ph, R 3 = Me, and R 4 = H) interacted in the IC of a mass spectrometer under EI at 300-320 ∘ C with the transfer of the corresponding organic radicals (Me, Ph, and -naphthyl) from the silanes to the fullerene. The reaction of C 70 with Me 4 Si proceeded in a similar fashion. No adducts of organosilyl radicals to the fullerenes were found. The reaction mechanism was proposed and experimentally supported as homolytic involving excitation of the silane molecules to superexcited states followed by dissociation of the excited molecules to give R radicals in the gas phase. The radicals formed react with fullerenes at the IC surface to give paramagnetic derivatives of the fullerenes. The derivatives are stabilized by addition of the next radical or hydrogen addition, or loss. All products vaporize from the surface and are identified after electron ionization. The results obtained are different from ones reported by Ren et al. [28] . They detected ions of silicon containing derivatives of C 60 while performing the reactions of the fullerene with trimethylsilylmethyl ether and hexamethyldisiloxane under conditions of self-CI at 200 ∘ C. This difference is explainable by the fact that the gas-phase ion/molecule reactions occurred under the conditions they used whereas in our case, the homolytic reaction occurred which involved the formation of the intermediate alkyl or aryl radicals in the gas phase followed by their interaction with fullerenes at the IC surface. It is highly probable that had the authors of the above research worked with the silanes examined in the present paper, they would also have found the corresponding silicon containing products of the ion/molecule reactions.
In line with results obtained in the mass spectrometer, C 60 reacted with Ph 4 Si in decalin solution under UV light of the quartz range with the transfer of phenyl radicals from the latter to the former. This provides an additional evidence to the hypothesis suggested earlier that the homolytic reactive mass spectrometry of fullerenes (the reactions of fullerenes with other species in the ICs of mass spectrometers) can tell chemists what homolytic fullerene reactions can be implemented successfully in solution or in the solid state/phase and by what means. Such tests for the reactivity of fullerenes possess those advantages that require tiny amounts of reagents; the experiments are rather quick and the main products can be identified in the course of them. We also anticipate that all this is valid not only for fullerenes but also for other substrates and here is a good area for investigations.
